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synergistically regulated by the combination of integrin-
mediated adhesion and soluble growth factors, demon-
strating the intimate collaboration that exists between
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*Biogen Inc. growth factors and integrins (Schwartz et al., 1995).
We investigated on a global and unbiased basis the12 Cambridge Center
Cambridge, Massachusetts 02142 ability of ECM–integrin interactions to regulate mono-
cyte gene expression using a recently published restric-†CuraGen Corporation
555 Long Wharf Drive tion enzyme–based method (GeneCalling) for identifying
differentially expressed genes (Shimkets et al., 1999).New Haven, Connecticut 06511
GeneCalling couples expression profiling with a data-
base query that utilizes fragment length and end se-
quence information to provide immediate feedback on
expressed genes. As GeneCalling requires no a prioriSummary
gene sequence, it is an open system that detects both
known and novel genes. GeneCalling provides .95%Central to immune and inflammatory responses are
the integrin-mediated adhesive interactions of cells coverage of the expressed genome with a sensitivity of
detection greater than 1:100,000 and can detect genewith their extracellular matrix (ECM)-rich environment.
Using a comprehensive and quantitative mRNA profil- expression changes down to 1.5-fold differences (Shim-
kets et al., 1999). This approach has been used to iden-ing technique, we analyzed the effect of ECM-induced
attachment on monocyte gene expression, its regula- tify genes linked to cardiac hypertrophy (Shimkets et
al., 1999), obesity (Renz et al., 2000), angiogenesis (Kahntion by growth factors, and the integrin specificity of
this event. Adhesion of cells to fibronectin resulted in et al., 2000), and hematopoietic differentiation (Ohneda
et al., 2000).increased expression of a large number of genes,
which was strongly potentiated by the presence of Using this technology, we investigated the effect of
ECM-induced adhesion on monocyte gene expression,growth factors. Adhesion activated both the NF-kB
and Jak/STAT pathways of gene transcription and in- its regulation by growth factors, and the integrin speci-
ficity of this event. The human monocytic cell line THP-1creased expression of genes involved in inflammatory
and immune responses, revealing the importance of is a well-studied model system for examining integrin-
induced gene expression in circulating leukocytes (Ju-ECM–integrin interactions in these processes.
liano and Haskill, 1993; Meredith et al., 1996). Adhesion
of cells to fibronectin resulted in increased expressionIntroduction
of a large number of genes, which was strongly potenti-
ated by the presence of growth factors. We confirmedMacrophages are present in almost every tissue; the
tissue macrophage pool is 500–1000 times larger than that ECM-induced attachment can result in activation
of NF-kB (Juliano and Haskill, 1993; Meredith et al.,the bone marrow and blood pools (Cohn, 1983). This
wide distribution within the peripheral tissues reflects 1996) and demonstrated that the presence of growth
factors can synergistically increase integrin-mediatedthe fact that these cells play an essential role in the
disposal of foreign agents, in the initiation and mediation activation of the NF-kB pathway and lead to the activa-
tion of the Jak/STAT pathway. Comparison among dif-of immune and inflammatory responses, as well as in
the repair process following tissue injury. Human blood ferent ECM molecules also revealed that the degree of
integrin-specific gene expression is considerable. Integ-monocytes undergo differentiation to macrophages
upon migration into the extracellular matrix (ECM)-rich rin-mediated attachment resulted in increased expres-
sion of numerous inflammatory and immune responseenvironment of extravascular tissue (Werb, 1987). At-
tachment of cells to ECM proteins, such as fibronectin, genes, revealing an important role for ECM–integrin in-
teractions in affecting monocyte function and thus im-collagen, and laminin, is mediated predominantly by
members of the integrin family of adhesion molecules pacting on the development of pathologies. This is of
particular relevance in the context of immune and in-(Hemler, 1990). Among the various ECM proteins, fibro-
nectin plays a key role in promoting cell adhesion and flammatory responses, where integrin-mediated adhe-
sive interactions with the ECM-rich peripheral tissuesvarious functions of monocytes and macrophages. At-
tachment of monocytes to fibronectin, which occurs are central to the localization of both resident and infil-
trating monocytes at inflammatory sites.primarily through the a4b1 and a5b1 integrin heterodi-
mers, promotes cell migration, phagocytosis, and differ-
entiation and modulates the secretion of inflammatory Results
mediators (Kaplan and Gaudernack, 1982; Thorens et
al., 1987; Juliano and Haskill, 1993; Wesley et al., 1998). Attachment to Extracellular Matrix Is a Strong
Leukocyte proliferation and cytokine secretion can be Regulator of Gene Expression
To address the effect of ECM-induced adhesion on
monocyte gene expression and its regulation by growth‡ To whom correspondence should be addressed (e-mail: tony_de_
fougerolles@biogen.com). factors, THP-1 cells were either left in suspension or
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Table 1. Global Analysis of Monocyte Gene Expression Changes Mediated through Attachment to Extracellular Matrix Molecules
Number of Fragments
Time Number of Fragments Differentially Expressed Change in Gene
Type of Subtraction (Hours) Detected (All Fragments) (Fragments 2-Fold) Expression (%)
Type I collagen versus suspension 1 26 099 896 3.4
Laminin versus suspension 1 26 443 1009 3.7
Fibronectin 120 kDa versus suspension 1 26 924 733 2.7
Fibronectin versus suspension 4 22 494 281 1.2
Fibronectin 1 serum versus suspension 1 serum 4 27 253 1189 4.4
The indicated comparisons were made, and the magnitude of gene expression change is reflected by both the number and percentage of
gene fragments that are differentially expressed.
plated on fibronectin for 4 hr in either the presence or thirds (46 of 67) of the identified genes induced by fibro-
nectin attachment in the presence of serum are knownabsence of 2% fetal calf serum. To examine integrin-
specific gene expression, THP-1 cells were left either to be linked to or regulated through either the NF-kB
(28 genes) or Jak/STAT (18 genes) pathways of genein suspension or plated on a variety of different ECM
proteins (RGD-containing 120 kDa fragment of fibronec- transcription (Table 2) (Baeuerle and Henkel, 1994; Dar-
nell, 1997). Included among the 28 NF-kB-regulatedtin, laminin, collagen type I) for 1 hr in the absence of
serum. Differential gene expression was quantified us- genes are 14 genes previously identified as being in-
duced by fibronectin attachment (A20 protein, Gro-a,ing GeneCalling (Shimkets et al., 1999).
The comparisons analyzed in this study are listed in Gro-b, IkB, IL-1b, IL-1ra, IL-8, JunB, MCP-1, MIP-1a, NF-
kB, superoxide dismutase, tissue factor, TNFa) (JulianoTable 1, with the total number of fragments detected
and the number of differentially expressed fragments and Haskill, 1993; Fan et al., 1995; Meredith et al., 1996;
Marra et al., 1997). We have now discovered an addi-(6 2-fold) listed. Attachment of cells for 4 hr to fibronec-
tin under serum-containing conditions resulted in 1189 tional 14 NF-kB-regulated genes that can be induced
by fibronectin attachment (EBI3, RANTES, cartilagefragments (4.4%) being differentially expressed relative
to suspension cells also cultured in the presence of gp39, IL-10 receptor, CD40, ferritin heavy chain, GLCLC,
BCL3, ATF3, RelB, TNFAIP2, MyD88, TRAF-3, IRAK) (Ta-serum (Table 1). The majority of the 1189 differentially
expressed fragments are upregulated upon attachment ble 2). The upregulation of numerous regulators of the
NF-kB activation cascade upon fibronectin bindingto fibronectin, including over 150 fragments whose ex-
pression is increased by .5-fold (Figure 1A). We posi- (IRAK, MyD88, p62 lck ligand) may be suggestive of a
role for these proteins in integrin-mediated activation oftively identified the genes corresponding to 113 of the
most highly induced fragments using competitive PCR. NF-kB.
Many genes linked to the Jak/STAT pathway are in-The 113 fragments represented a sixth of all upregulated
fragments and segregated into 87 distinct clusters, rep- duced by fibronectin attachment (Tables 2 and 4).
Among these genes, only STAT5A has previously beenresenting 67 genes and 20 EST fragments (Tables 2 and
3). These genes and EST fragments represent a 5-fold described as being regulated via integrins. Attachment
to fibronectin has recently been shown to increase activ-increase in the number of matrix-induced genes identi-
fied to date (Juliano and Haskill, 1993; Fan et al., 1995; ity and expression of STAT5A in endothelial cells (Brizzi
et al., 1999). In addition to STAT5A, we have now iden-Meredith et al., 1996; Marra et al., 1997). The sensitivity
and reproducibility of GeneCalling is highlighted by the tified 17 other fibronectin-inducible genes whose ex-
pression is known to be regulated through the Jak/fact that among the 67 known genes were 14 genes
previously identified as being induced upon THP-1 at- STAT pathway (Table 2). Among these genes are many
well-known interferon-inducible and Jak/STAT-regu-tachment to fibronectin (Juliano and Haskill, 1993; Fan
et al., 1995; Meredith et al., 1996; Marra et al., 1997). In lated genes, such as spermidine/spermine N1-acetyl-
transferase, Leu-13 (9–27), IFI56, IFI41, and p59 oli-addition, all the genes (IL-1a, IL-8, TNF-a, and tissue
factor) previously identified in human peripheral blood goadenylate synthetase (Darnell, 1997).
monocytes as being induced by fibronectin attachment
were also detected by GeneCalling (Haskill et al., 1988, Potentiation of Matrix-Induced Gene Expression
by Growth Factors1991; Yurochko et al., 1992; Lin et al., 1994; Fan et
al., 1995; McGilvray et al., 1997). Using independent Given the synergy that exists between growth factor
receptor and integrin signaling, we sought to compareexperimental samples, real-time PCR results on over a
dozen genes (MCP-1, MnSOD, IL-8, Gro-a, MIP-1a, the pattern of ECM-induced gene expression seen in
the presence of growth factors with that seen in itsIP10, CD44, IL-10 receptor, CD40, glutamate-cysteine
ligase catalytic subunit, NF-kB1, TNFAIP2, and p62 lck absence. In contrast to the 1189 fragments differentially
expressed by fibronectin attachment in the presence ofligand) confirmed in all cases the direction and magni-
tude of the gene expression changes observed (data serum, attachment of cells for 4 hr to fibronectin under
serum-free conditions resulted in only 281 fragmentsnot shown).
The list of known genes that are induced by attach- being differentially expressed as compared to serum-
free suspension cells (Table 1). Similar to that seen pre-ment to fibronectin include secreted and cell surface
molecules, metabolic proteins and intracellular regula- viously under serum-containing conditions, attachment
to fibronectin under serum-free conditions resulted intory proteins, and transcription factors (Table 2). Two-
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Figure 1. Distribution by Fold Change of Dif-
ferentially Expressed Fragments upon At-
tachment to Extracellular Matrix Molecules
(A–C) THP-1 cells attached to fibronectin
(FN), collagen type I (CO I), laminin (LM), or
fibronectin 120 kDa fragment (FN120) were
compared to cells left in suspension, under
conditions listed in Table 1. The number of dif-
ferentially expressed fragments are grouped by
fold change (solid bars, upregulated frag-
ments; gray bars, downregulated fragments).
(D) Photomicrograph of THP-1 cells after 1 hr
attachment in the absence of serum to vari-
ous extracellular matrix molecules. Cells
attached to either collagen type I (CO I), lami-
nin (LM), or fibronectin 120 kDa fragment
(FN120) show similar degrees of attachment
and cell spreading on the different sub-
strates; cells in suspension are also shown
for comparative purposes.
over 70% of the differentially expressed fragments being growth factors (Tables 3 and 4). To extend these results,
luciferase reporter, nuclear translocation, and phosphory-upregulated (Figure 1B). Comparison of the fragments
differentially regulated by fibronectin under serum-free lation assays were performed on THP-1 cells under ad-
herent and nonadherent conditions in the presence orand serum-containing conditions revealed overlap be-
tween the two (Table 3). Out of the 281 fragments regu- absence of growth factors. Fibronectin attachment acti-
vated NF-kB-mediated nuclear translocation and tran-lated by fibronectin attachment in the absence of serum,
79 were also regulated by fibronectin in the presence of scription (Figures 2A and 2B). Consistent with the
required presence of growth factors in ECM-mediatedserum, and 202 fragments were regulated by fibronectin
only in the absence of serum. Synergy between ECM Jak/STAT pathway activation, attachment of cells to fi-
bronectin in the presence of serum resulted in activationand growth factors was revealed by the large number of
fragments (1110) whose fibronectin-specific regulation of the Jak/STAT pathway as assessed by phosphoryla-
tion of STAT1; no such activation was seen upon fibro-required the presence of serum. This synergy was also
evident in the increased induction of genes attached to nectin attachment in the absence of serum (Figure 2C).
fibronectin in the presence versus the absence of serum
(Table 3). Effect of Different Integrin–Matrix Interactions
on Gene Expression
To investigate the effect of different integrin ligands onMatrix-Induced Activation of NF-kB and Jak/STAT
Pathways and Regulation by Growth Factors gene expression, THP-1 cells were left in suspension or
adhered for 1 hr on plates coated with ECM proteinsAnalysis of gene expression patterns revealed that at-
tachment of cells to fibronectin can activate genes regu- specific for a2b1 (type I collagen), a5b1 (RGD-containing
120 kDa fragment of fibronectin), and a6b1 (lami-lated by the NF-kB transcription pathway independent
of growth factors, while ECM-induced activation of the nin) integrins (Figure 1D). Inhibition of adhesion with
blocking mAbs to the relevant a subunits confirmed theJak/STAT-regulated genes required the presence of
Immunity
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Table 2. THP-1 Cell Attachment to Fibronectin Activates the NF-kB and Interferon Pathways of Gene Induction
The names of the differentially expressed genes are given with their GenBank accession number, the number of fragments that were identified,
and the average fold induction of the gene upon 4 hr attachment to fibronectin versus suspension (done in the presence of 2% serum). Genes
linked to the NF-kB pathway are shown in green, and those linked to the Jak/STAT pathway are shown in red.
specificity of the integrin–ECM interactions (data not et al., 1996) and resulted in the discovery of another 37
such genes (Table 5). Many of the genes commonly regu-shown). Compared to cells left in suspension, attach-
ment of THP-1 cells to various ECM proteins results lated through engagement of a2b1, a5b1, and a6b1 in-
tegrins are genes whose expression is induced throughin the change of a large number of genes (700–1000
fragments, representing 2.7%–3.7% of the expressed activation of NF-kB (Table 5).
genome) (Table 1). In all cases, integrin engagement
resulted in roughly 80% of differentially expressed frag- Discussion
ments showing an increase in mRNA expression (Figure
1C). To investigate the importance of integrin specificity Global gene expression analysis has enabled us to
quantitate the relative contribution of integrin-mediatedin regulating gene expression, we compared the distri-
bution of differentially regulated fragments induced by cell attachment to changes in gene expression. Our re-
sults demonstrate the effect integrin engagement hasspecific integrin–ECM interactions (Table 5). Among the
differentially expressed fragments, roughly half (414 on gene expression and highlight the ability of growth
factors and different matrix molecules to influence integ-fragments) are common to all three matrix molecules.
A strong degree of integrin specificity exists, as most rin-mediated gene expression. The positive identifica-
tion of over 140 genes and ESTs whose expression inof the rest of the differentially expressed fragments are
regulated only through specific integrin–ECM interac- monocytes is induced by attachment to ECM not only
represents a significant increase in the number of genestions (collagen, 316 fragments; laminin, 416 fragments;
120 kDa fibronectin, 262 fragments) (Table 5). The one previously identified but also reveals the importance of
ECM–integrin interaction in multiple aspects of mono-notable exception to this is the 144 differentially ex-
pressed fragments that are shared between collagen cyte biology.
Monocyte extravasation and attachment in ECM-richtype I and laminin but are not regulated by attachment to
the 120 kDa fragment of fibronectin. Gene identification tissues that occurs during the course of immune and
inflammatory responses, and mimicked here by attach-both confirmed genes that had previously been shown
to be inducible through attachment to multiple extracel- ment of cells to fibronectin, revealed many genes impor-
tant in monocyte migration and activation. Monocytelular matrices (IL-1b, IL-8, Grob, A20 protein) (Meredith
Matrix-Induced Gene Expression in Monocytes
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Table 3. The Effect of Serum on Fibronectin-Induced Gene Induction in THP-1 Cells
Differentially expressed genes are given with their GenBank accession number and fold gene induction upon 4 hr attachment to fibronection
versus suspension in either the presence or absence of 2% serum. ND, not determined.
attachment to the ECM results in the upregulation of kine production (English et al., 1993; Kawai et al., 1999).
Matrix-induced attachment also changes expression ofnumerous chemokines (IL-8, Gro-a, Gro-b, MCP-1, MIP-
1a, RANTES, IP10) and cell adhesion molecules (CD18, genes (pleckstrin, calpain) that, through alterations to
the cytoskeleton, are important in the regulation ofCD44) important in attracting other cells to inflammatory
sites (Springer, 1994; Baggiolini et al., 1997). Genes im- monocyte cell spreading, migration, and phagocytosis
(Brumell et al., 1999; Kulkarni et al., 1999).portant in monocyte activation and effector function are
also upregulated by fibronectin attachment and include Along with induction of numerous genes that increase
the cytolytic and cytotoxic effect of macrophages, ma-secreted molecules (IL-1b, TNFa) and cell surface mole-
cules (CD40, CD44) (Webb et al., 1990; Grewal and Fla- trix-induced attachment also results in the induction of
genes responsible for protecting the cells from self-lysis.vell, 1998). Fibronectin attachment can also affect mac-
rophage activation and function through increased NF-kB activation initiates a response that blunts the
apoptotic action of several agonists of cell death (Begexpression of intracellular molecules (hck, MyD88) that
are directly involved in macrophage activation and cyto- and Baltimore, 1996; Van Antwerp et al., 1996). Among
Immunity
754
Table 4. Effect of Growth Factors on Integrin-Mediated
Activation of the NF-kB and Jak-STAT Pathways of Gene
Transcription
Fold Induction
Encoded Protein FN (2 Serum) FN (1 Serum)
NF-kB pathway
NF-kB1 p105/p50 2.0 6.0
MCP-1 4.2 38.5
TNFAIP2 (B94) 2.9 20.0
IL-1b 2.6 7.8
CD40 1.6 9.7
Jak-Stat pathway
STAT5A 0 17.0
IFI56 0 38.0
ISG15 0 11.8
Spermine/spermidine N1- 0 8.7
acetyltransferase
p59 oligoadenylate synthetase 0 5.9
PIM-1 0 5.2
Leu-13 (9-27) 0 3.4
The names of the differentially expressed genes are given with the
fold gene induction upon 4 hr attachment to fibronectin versus sus-
pension in either the presence or absence of 2% serum.
the genes induced by fibronectin attachment are several
NF-kB-regulated genes (MnSOD, A20, Bcl-3) that have
been shown to have antiapoptotic function (Fridovich,
1989; Opipari et al., 1992; Rebollo et al., 2000). Other
matrix-regulated genes not linked to NF-kB activation
may also play a role in preventing apoptosis. For in-
stance, enforced expression of PIM-1 kinase enhances
growth factor–independent survival and inhibits apopto-
sis in murine myeloid cells (Lilly and Kraft, 1997).
Attachment of monocytes to ECM has been demon-
strated to induce differentiation to macrophages (Kaplan
and Gaudernack, 1982; Wesley et al., 1998). We found that
attachment to fibronectin resulted in the upregulated
Figure 2. The Effect of Growth Factors on Fibronectin-Mediatedexpression of an array of genes previously associated
Activation of NF-kB and STAT1with differentiation of monocytes to macrophages, in-
Fibronectin-mediated activation of NF-kB occurs irrespective of thecluding CD44, ferritin, spermidine/spermine acetyltrans-
presence of growth factors, while activation of STAT1 requires theferase (SSAT), cartilage gp39, and CD82 (Krause et al.,
presence of growth factors.1996; Gingras and Margolin, 2000). Fibronectin-medi- (A) Induction of NF-kB-mediated transcription. THP-1 cells were
ated attachment also resulted in increased expression transfected with a kB luciferase reporter construct (2 3 kB sites)
of several key transcriptional regulators of macrophage and adhered to plates containing immobilized fibronectin for 2 and
4 hr in either the presence of serum-free media or media containingdifferentiation, including PU.1, STAT5A, and IRF-1. PU.1
2% fetal calf serum. Cells were collected and luciferase activityis essential for macrophage development because it
was measured. Results are normalized to luciferase activity seen inactivates the expression of the M-CSF receptor and
transfected cells left in suspension.transactivates other genes, such as the adhesion mole- (B) Induction of NF-kB translocation into the nucleus. Coverslips
cules CD11b and CD18, the LPS receptor (CD14), and were plated with either fibronectin or poly-lysine control substrate.
Fc and scavenger receptors, involved in the acquisition THP-1 cells were attached for 4 hr in serum-free media or media
containing 2% fetal calf serum, washed, and fixed in paraformalde-of a functional phenotype (Valledor et al., 1998). STAT5A
hyde. Fixed cells were then permeabilized using 0.5% Triton X-100is induced during monocyte differentiation, and its anti-
and stained for NF-kB p65 using a rabbit anti-NF-kB p65 antiseraapoptotic activity is essential during terminal stages of
followed by a FITC-donkey anti-rabbit secondary reagent. Slidesmyeloid differentiation (Kieslinger et al., 2000). Expres- were mounted and NF-kB staining was visualized under fluorescent
sion of IRF-1 activates the transcription of interferon, microscopy.
which acts to promote inhibition of monocyte prolifera- (C) Effect of growth factors on fibronectin-mediated activation of
STAT1. THP-1 cells were starved for 72 hr and adhered to platestion and can also protect cells from apoptosis (Xaus et
containing immobilized fibronectin for the indicated times in eitheral., 1999). Thus, matrix-induced adhesion results in the
the presence of serum-free media or media containing 2% fetal calfexpression of numerous markers associated with mono-
serum. Bound cells were lysed and cell extracts were subjectedcyte differentiation and induces expression of transcrip- to 8% SDS-PAGE. Proteins were electrophoretically transferred to
tion factors that can regulate multiple aspects of myelo- nitrocellulose filter and immunoblotted with either a rabbit anti-
poiesis. phosphoSTAT1 (Tyr 701) antibody to detect activated STAT1 or a
rabbit anti-STAT1 polyclonal antisera to detect total STAT1.Identification of matrix-induced genes may also help
Matrix-Induced Gene Expression in Monocytes
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Table 5. Comparison of Gene Regulation through Attachment to Different Integrin Ligands
Venn diagram illustration of the number of differentially expressed fragments (compared to cells in suspension) induced upon 1 hr attachment
to either type I collagen, laminin, or 120 kDa fragment of fibronectin. Differentially expressed genes are given with their GenBank accession
number and the fold change in gene expression upon 1 hr attachment to different extracellular matrix proteins (FN120, fibronectin 120 kDa
fragment; LM, laminin; and COL, collagen type I). Genes linked to the NF-kB pathway are shown in green. Colorimetric scale indicating fold
change in gene expression is as shown in Table 3.
in understanding the role of monocytes in disease. Both Thus, monocyte adherence to ECM proteins, such as
fibronectin and collagen, may contribute to the develop-attachment to extracellular matrix and monocyte activa-
tion/differentiation are hypothesized to play an impor- ment of atherosclerosis not only through increased ex-
pression of numerous cytokines and chemokines al-tant role in the development of atherosclerosis (Ross,
1999). Atherosclerotic plaque formation is characterized ready implicated in the development of atherosclerosis,
but also through increased expression of numerous met-by the accumulation of lipid droplets in macrophage-
derived foam cells. Fatty acid synthesis requires a abolic enzymes and proteins that play a key role in lipid
metabolism.source of acetyl CoA and NADPH, and among the genes
induced by attachment to fibronectin are several en- The identification of adherence-induced genes al-
lowed us to further dissect integrin-mediated signalzymes (phosphogluconate dehydrogenase, kynureni-
nase, LACS1) that promote production of both acetyl transduction pathways in monocytes. Using a global
approach, we have demonstrated that the majority ofCoA and NADPH (Hillgartner et al., 1995; Heyes et al.,
1997). In addition, LACS1 is also a key protein that pro- matrix-induced genes are ones known to be under the
control of the NF-kB and Jak/STAT transcriptional path-motes intracellular fatty acid retention (Schaffer and
Lodish, 1994). Consistent with this hypothesis is the ways. We have confirmed that ECM-induced attachment
can result in activation of NF-kB (Juliano and Haskill,finding that attachment of peripheral blood monocytes
to a collagen matrix not only induces cellular differentia- 1993; Meredith et al., 1996) and have demonstrated that
the presence of growth factors can synergistically in-tion but also increases intracellular lipid accumulation
(Wesley et al., 1998). Lastly, expression of matrix-regu- crease integrin-mediated activation of the NF-kB path-
way and lead to the activation of the Jak/STAT pathway.lated genes, such as ferritin and adipophilin, was found
to be induced in macrophages in early human athero- Comparison of cell attachment to different ECM mole-
cules allowed us to also investigate the relative impor-sclerotic plaques, and their high level of expression is
associated with the development of plaques and dis- tance of integrin specificity in affecting gene expression.
The ability of different integrin–ECM interactions to regu-ease progression (Pang et al., 1996; Wang et al., 1999).
Immunity
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Differential Gene Expression Analysislate a large number of the same genes is not surprising,
GeneCalling reactions were performed essentially as describedgiven that changes in gene expression are not the con-
(Shimkets et al., 1999). Briefly, following double-stranded cDNA syn-sequence of specific integrin engagement alone, but
thesis of poly(A)1 RNA, cDNA was separated into 96 different pools
may also require adhesion, cell shape change, and cy- and each digested with a different pair of restriction enzymes. The
toskeletal rearrangement (Juliano and Haskill, 1993). resulting fragments were ligated with complementary adapters, one
labeled with biotin and the other with fluorescamine (FAM), andWhile the finding that distinct integrin engagement can
amplified by PCR. After affinity purification on streptavidin and sepa-result in different patterns of gene expression has been
ration by polyacrylamide gel electrophoresis, the FAM-labeled frag-documented (Huhtala et al., 1995), we have determined,
ments were detected by laser excitation. A composite restrictionusing an unbiased global approach, that the degree of
fragment profile is generated for each sample, based on average
integrin-specific gene expression is considerable. peak height and variance of nine separate restriction enzyme diges-
The pattern of gene expression induced upon attach- tions (each sample triplicate is subjected to three separate restric-
tion enzyme digestions). The restriction fragment profiles of twoment to extracellular matrix molecules in monocytes
samples are compared and differentially expressed fragments aredoes show some similarities to that seen in other cell
identified. Linkage of a differentially expressed cDNA fragment totypes. While the lack of comprehensive gene profiling for
a gene is made through knowledge of the restriction enzymes usedmatrix-induced genes on other cell types makes proper
to generate the fragment ends and the length of the fragment itself.
comparisons between cell types impossible, a degree A species-specific query of databases reveals genes that fit these
of commonality exists between cell types. Attachment criteria, with gene identification confirmed by competitive PCR using
gene-specific oligonucleotides.of a variety of cell types (endothelial, smooth muscle,
and fibroblast) to fibronectin has been shown to activate
the NF-kB pathway of gene transcription and to induce
NF-kB Luciferase and Translocation Assays
some of the same genes (IL-1a, IL-8, MCP-1, STAT5A) Luciferase assays on THP-1 cells were performed as described
seen in monocytes (Qwarnstrom et al., 1994; Marra et (Rosales and Juliano, 1996). THP-1 cells were transfected by DEAE-
dextran method with a kB luciferase reporter construct. The kBal., 1997; Scatena et al., 1998; Brizzi et al., 1999; Garcia-
luciferase reporter construct contains 2 3 kB sites derived from theVelasco and Arici, 1999).
MHC promoter fused to luciferase and was a gift from Dr. IlanaWhile a certain degree of commonality exists across
Stancovski (California Institute of Technology, Pasadena, CA).cell types with regards to integrin-mediated gene ex-
Transfected cells were resuspended in either serum-free binding
pression, many of the genes induced in monocytes by buffer or binding buffer containing 2% fetal calf serum and either
matrix-induced attachment play specific and important left in suspension or adhered to plates containing immobilized fibro-
nectin for 2 and 4 hr at 378C as outlined above. Bound cells wereroles in this cell type. Identification and analysis of these
collected and luciferase activity was measured using a luciferasegenes reveals an important role for ECM–integrin inter-
assay system (Promega Corp., Madison, WI) according to the manu-actions in affecting monocyte function and thus im-
facturer’s instructions. Results are normalized to luciferase activitypacting on the development of pathologies, such as
seen in transfected cells left in suspension.
atherosclerosis. This is of particular relevance in the Nuclear translocation of NF-kB was performed as described pre-
context of inflammation and the localization of both resi- viously (Scatena et al., 1998). Briefly, THP-1 cells were resuspended
in either serum-free binding buffer or binding buffer containing 2%dent and infiltrating monocytes at an inflammatory site.
fetal calf serum and immediately plated onto glass coverslips coatedThe importance of integrin interaction with the ECM-
with 10 mg/ml fibronectin (GIBCO–BRL) or 10 mg/ml poly-lysinerich environment of peripheral tissues was recently dem-
(Sigma) for 4 hr at 378C. Cells were washed and bound cells fixedonstrated in numerous in vivo models of inflammation,
for 5 min in 3% paraformaldehyde in PBS (pH 7.4) containing 2%
including asthma, hypersensitivity, and arthritis (Hen- sucrose. Cells were then permeabilized with HEPES–Triton X-100
derson et al., 1997; de Fougerolles et al., 2000). buffer (20 mM HEPES [pH 7.4], 300 mM sucrose, 50 mM NaCl, 3
mM MgCl2, and 0.5% Triton X-100) and stained for NF-kB p65 using
a rabbit anti-NF-kB p65 polyclonal antisera followed by a FITC-
Experimental Procedures donkey anti-rabbit IgG secondary reagent (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA). Slides were mounted and NF-kB staining was
Adhesion Assays visualized under confocal microscopy (Leica, Wetzlar, Germany).
Adhesion assays were essentially carried out as described pre-
viously (Gotwals et al., 1996). Human plasma fibronectin and its 120
kDa human a-chymotryptic fragment were purchased from GIBCO– STAT1 Phosphorylation Assays
THP-1 cells were serum starved for 72 hr and adhered to platesBRL (Rockville, MD); rat tail type I collagen was purchased from
Collaborative Research Inc. (Bedford, MA); basement membrane containing immobilized fibronectin for the indicated times in either
the presence of serum-free binding buffer or binding buffer con-laminin was purchased from Sigma (St. Louis, MO). Tissue culture
plates (100 mm) (Becton Dickinson, Franklin Lakes, NJ) were coated taining 2% fetal calf serum as outlined above. Unbound cells were
removed by washing the plates twice with PBS, and bound cellsovernight at 48C with 5 ml of adhesive substrates (10 mg/ml) diluted
in PBS. Plates were washed twice with PBS, and nonspecific binding were lysed in ice-cold lysis buffer containing 1% Triton X-100 (v/v)
in 20 mM HEPES (pH 7.8), 150 mM NaCl, 0.1% SDS, 5 mM MgCl2,sites were blocked with 1% BSA in PBS for 1 hr at room temperature.
Human monocytic THP-1 cells were washed into either serum-free 1 mM Na4VO3, 50 mM NaF, and complete mini-protease inhibitors
(Roche, Mannheim, Germany). Lysates were incubated for 30 minbinding buffer (RPMI 1640 and 0.25% BSA) or binding buffer con-
taining 2% fetal calf serum (JRH Biosciences, Lenexa, KS). Cells on ice before centrifugation at 15,000 3 g for 15 min at 48C. Total
protein concentration of postnuclear lysates was determined by(1.6 3 106/ml) were then either left in suspension or adhered to
extracellular matrix–immobilized plates (5 ml/plate) for 1 to 4 hr at BCA (Pierce, Rockford, IL). Equal amounts of cell lysates were sub-
jected to 8% SDS-PAGE and transferred to nitrocellulose (MSI,378C. Unbound cells were removed by washing the plates twice
with PBS. Suspension or extracellular matrix–adhered cells (107 cells Westborough, MA) for immunoblotting. The membranes were
blocked with 5% milk in TBS (10 mM Tris-HCl [pH 7.6], 150 mMminimum) were lysed in Trizol (Life Technologies, Grand Island, NY)
and RNA isolated as described (Shimkets et al., 1999). All suspen- NaCl) and incubated with either a rabbit anti-phosphoSTAT1 (Tyr
701) antibody or a rabbit anti-STAT1 polyclonal antisera (New En-sion and extracellular matrix–adhered (fibronectin, fibronectin 120
kDa fragment, type I collagen, and laminin) samples were done in gland Biolabs, Beverly, MA). Bound antibody was revealed with
horseradish peroxidase (HRP)-conjugated anti-rabbit antibody us-triplicate and processed independently.
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ing enhanced chemiluminescence (ECL, Amersham Pharmacia Bio- functions, and their role on leukocytes. Annu. Rev. Immunol. 8,
365–400.tech, Piscataway, NJ).
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